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Abst rac t  The Hessian fly [Mayetiola destructor (Say)] is 
a major pest of wheat (Triticum aestivum L.) and genetic 
resistance has been used effectively over the past 30 years 
to protect wheat against serious damage by the fly. To-date, 
25 Hessian fly resistance genes, designated H1 to H25, 
have been identified in wheat. With near-isogenic wheat 
lines differing for the presence of an individual Hessian fly 
resistance gene, in conjunction with random amplified 
polymorphic DNA (RAPD) analysis and denaturing gra- 
dient-gel electrophoresis (DGGE), we have identified a 
DNA marker associated with the H9 resistance gene. The 
H9 gene confers resistance against biotype L of the Hes- 
sian fly, the most virulent biotype. The RAPD marker co- 
segregates with resistance in a segregating F 2 population, 
remains associated with H9 resistance in a number of dif- 
ferent T. aestivum and T. durum L. genetic backgrounds, 
and is readily detected by either DGGE or DNA gel-blot 
hybridization. 

Key words RAPD �9 Wheat �9 Hessian fly �9 DNA markers 

Introduction 

The Hessian fly [Mayetiola destructor (Say)] is a destruc- 
tive insect pest of wheat (Triticum aestivum L.) in many 
parts of the world (Hatchett et al. 1987). Genetic resistance 
has been used effectively over the past 30 years in the 
United States to protect wheat against serious damage by 
the fly. The biological interaction between Triticum spp. 
and the Hessian fly is highly specific. A gene-for-gene re- 
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lationship has been demonstrated for host resistance and 
avirulence in the insect (Hatchett and Gallun 1970). To- 
date, 25 resistance genes, designated HI to H25, have been 
effective against the 13 reported biotypes of the Hessian 
fly (Friebe et al. 1991; Patterson et al. 1992). 

Screening for resistance to the Hessian fly requires 
maintenance of Hessian fly biotypes, a 3-week-period 
post-infestation for symptom screening, proper incubation 
conditions, and controlled environment and containment 
facilities. Consequently, a more rapid, cost-efficient and 
reliable screening procedure would greatly facilitate the 
selection process. In addition, a DNA-based screen for 
Hessian fly resistance would allow the pyramiding of mul- 
tiple resistance genes, one possible means of enhancing the 
durability of resistance. 

The development of an RFLP map has been much more 
difficult in wheat than in most other crops due to the poly- 
ploid nature of the crop, a high proportion of repetitive 
DNA, and unusually low levels of DNA polymorphism 
within the genome (Chao et al. 1989). RFLP analysis was 
used to tag two Hessian fly resistance genes H23 and H24 
(Ma et al. 1993). The application of random amplified poly- 
morphic DNA (RAPD) analysis (Williams et al. 1990) has 
proven useful in plant genotype fingerprinting (Welsh and 
McClelland 1990; Caetano-Anolles et al. 1991; Hu and 
Quiros 1991; Yang and Quiros 1993), population and ped- 
igree analyses (Van Heusden and Bachmann 1992; Dwei- 
kat et al. 1993), and the detection of DNA polymorphism 
levels appropriate for the development of DNA markers in 
a number of self-pollinating crops. The combination of 
near-isogenic lines and RAPD analysis was used in tomato 
(Martin et al. 1991), lettuce (Paran et al. 1991), oat (Pen- 
ner et al. 1993) and common bean (Haley et al. 1993; Mik- 
las et al. 1993) for the purpose of identifying DNA mark- 
ers for disease resistance genes. 

Levels of polymorphism in wheat detected by RAPD 
analysis using agarose-gel electrophoresis are similar to 
those detected by RFLP analysis (Devos and Gale 1992). 
However, fractionation of RAPD products by denaturing 
gradient-gel electrophoresis (DGGE) significantly en- 
hances the detection of DNA polymorphism in wheat (He 



et al. 1992; Dweikat  et al. 1993). The purpose of the present 
study is to take advantage of R A P D - D G G E  to identify 
DNA markers closely l inked to the Hessian fly resistance 
gene H9, which confers resistance to biotype L of the Hes- 
sian fly, a prevalent  biotype in the field in eastern USA. 

Materials and methods 

Plant materials 

The plant materials used for this study consisted of T. aestivum L. 
cultivar Newton, CI 17715, and four near-isogenic lines (NILs) of 
wheat differing for the presence of single genes that confer Hessian 
fly resistance (Patterson et al. 1994): T. aestivum line Ella, CI 17938; 
Z aestivum line 86975; Triticum turgidum L. line D6647, CI 15329; 
and T. turgidum line IN8455. All four NILs, containing genes H3, 
H5, H6 or H9, were developed by five or six cycles of backcrossing 
to Newton with selection for resistance (Patterson et al. 1994). New- 
ton is a hard winter wheat susceptible to all known biotypes of the 
Hessian fly. Gene H9 was transferred from the source line Elva (T. 
turgidum) to line Ella (Patterson et al. 1982). H9 was subsequently 
transferred from Ella to soft red winter wheat lines by five cycles of 
backcrossing and selection, to produce line 86975. H9 was trans- 
ferred from Ella to D6647 by three cycles of backcrossing and se- 
lection to produce line IN8455 (D6647*4/Ella). D6647 is suscepti- 
ble to biotype L of the Hessian fly and does not contain H9. An F 2 
population of 126 individuals was derived from the cross Newton 
//Newton*7/H9. 

DNA isolation, PCR reactions, gel electrophoresis 

DNA was isolated from 1 g of fresh tissue from 2-week-old near- 
isogenic parental lines and F 2 seedlings using a modified CTAB ex- 
traction method (Dweikat et al. 1993). Oligonucleotide primers (10- 
mers) were purchased from Operon Technologies (Alameda, Calif.) 
and from the University of British Columbia (Vancouver, Canada). 
The PCR reaction conditions reported by Williams et al. (1990) were 
followed with minor modification. Reaction mixtures (50 gl total 
volume) consisted of 10 mM of Tris-HC1, pH 9.0 at 25~ 50 mM of 
KC1, 1.8 mM MgC12, nucleotides dATR dTTR dCTR and dGTP (200 
mM each), 0.2 mM of primer, 100 ng of template DNA, and 2.0 units 
of Taq DNA polymerase (Promega). When two primers were used 
together, a concentration of 0.2 M of each was used. The reaction 
mixture was overlain with 50 gl of light mineral oil (Sigma Chemi- 
cal Co.). Amplifications were carried out in a MJ Research PTC- 100 
thermocycler programmed for 40 cycles of 1 min at 94~ 50 s at 
36~ 1 min at 72~ and ending with 6 min at 72~ The primers 
were used singly and in pairwise combinations. 

The PCR products were fractionated by denaturing gradient-gel 
electrophoresis with a denaturant gradient range of 10-50% (Dwei- 
kat et al. 1993). 
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Evaluations of resistance 

F a plants, from which DNA was extracted, were selfed to produce 
F 3 seeds. Resistance in F 3 families to Hessian fly biotype L was eval- 
uated as described by Cartwright and LaHue (1944). Seedlings 
(14-15) were grown in ten rows in wooden fiats 54+--~36e+8 cm. Nine 
progeny rows of 15 seeds per row and two half-rows of ten seeds of 
parent lines (controls) were planted per flat. Each row contained the 
progeny of a single F 2 plant. Seedlings were grown to the one-leaf 
stage in a growth chamber at 20~ and then infested with biotype L 
of the Hessian fly. The level of infestation (number of live lar- 
vae/seedling) was estimated to be between 8-10 larvae/seedling. 
About 3 weeks after infestation, progeny rows were classified as re- 
sistant, segregating, or susceptible. 

Results 

We surveyed 650 single primers and 190 two-primer com- 
binat ions against Newton and four NILs containing the re- 
sistance genes H3, H5, H6, and H9. We observed one DNA 
polymorphism associated with H9 after screening 450 
primers. Only  by fractionating the RAPD products by 
DGGE with a denaturant  gradient  of 10-50% were we able 
to detect the polymorphism (Fig. 1A, B). The DNA poly- 
morphism observed was a result of combin ing  primers 
OpA09 and O p A l 7 .  Neither primer produced a polymor-  
phism associated with H9 when used singly (Fig. 2). DNA 

DNA gel blot hybridization 

Total genomic DNA (10 ~tg) was digested with EcoRI and EcoRV 
restriction endonucleases (Promega) according to the manufacturer's 
recommendations, subjected to electrophoresis through 0.8% aga- 
rose for 18-20 h at 2.4 V/cm, and blotted to Magnagraph membrane 
(MSI) following the manufacturer's recommendations. The poly- 
morphic RAPD-derived DNA segment associated with the H9 gene 
was excised from the gel and heated at 94~ in 100 ~al ofTE, pH 7.5, 
for 5 rain. One microliter of the sample was used as template to re- 
amplify the polymorphic fragment using the same PCR conditions 
described above. A 50-ng sample of the re-amplified fragment was 
labelled with 32p-dCTP by the random primer method (Feinberg and 
Vogelstein 1984). Pre-hybridization and hybridization conditions 
were according to the membrane manufacturer's recommendations. 

Fig. 1A, B Comparison between DGGE and agarose-gel electro- 
phoresis in resolving a polymorphism associated with gene H9. 
A PCR amplification of wheat genomic DNA using random oligo- 
nucleotide primers OpA09/OpA17 and fractionated in 1.2% agarose, 
0.5 x TBE. B PCR amplified products identical to those in A but frac- 
tionated by denaturing gradient-gel electrophoresis. Newton (N), a 
susceptible line, is shown with four NILs, each containing a differ- 
ent gene for Hessian fly resistance (M designates PstI-digested lamb- 
da MWt markers). The arrow indicates the presence of a fragment 
polymorphism associated with H9 
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Fig. 2 PCR amplification of 
genomic DNA from Newton 
(lanes 1, 3, and 5), and a H9 
NIL (lanes 2, 4, and 6). Lanes 
1 and 2 demonstrate the results 
of amplification using a combi- 
nation of primer OpA9 and 
OpAl7 (0.2 pM each). Lanes 3 
and 4 demonstrate the results of 
amplification using primer 
OpA9, while lanes 5 and 6 are 
samples amplified using 
OpAl7 

Fig. 4 PCR amplification of 
wheat total genomic DNA frac- 
tionated by DGGE. Lines New- 
ton (N), a hard winter wheat 
cultivar (T. aestivum), and tet- 
raploid T. turgidum line D6647 
(T. durum), lack the H9 gene. 
N*7/H9 (Iris) and D6647*4/H9 
(IN8455) both contain the [49 
gene. Ella is the donor of gene 
H9 in 86975. Line 86975 is a 
soft winter wheat (T. aestivum) 
that contains Hg. The arrow in- 
dicates the DNA polymorphism 
associated with 119 and demon- 
strated in Fig. 1B 

Fig. 3 PCR amplification of 
genomic DNA from 18 F 2 seed- 
lings derived from the cross 
Newton//Newton*7/H9 and 
segregating for gene/-/9. Lanes 
1-9 represent susceptible seed- 
lings, lanes 10-18 represent re- 
sistant seedlings. Lanes 19 and 
20 represent the susceptible 
parent (Newton) and resistant 
parent (Newton*7/H9), respec- 
tively. The arrow indicates a 
polymorphic band associated 
with H9 

polymorphisms were also observed in association with 
genes 1-13, H 5  and H 6  (manuscript in preparation). 

To verify an association between the D N A  polymor-  
phism and the resistance gene H9,  these two primers were 
then used to amplify genomic D N A  from 126 F 2 seedlings 
produced from the cross Newton*7/Ella (our source of  the 
H 9  gene) / /Newton .  Figure 3 illustrates results f rom this 
experiment. The identified RAPD marker co-segregated 
with the t79 resistance gene, demonstrat ing linkage in the 
coupling phase, with no evidence of  recombinat ion be- 
tween the marker and the resistance gene. The F 2 plant clas- 

sifications for resistance were verified by testing 15 F 3 
progenies f rom individual F 2 plants against Hessian fly bi- 
otype L. The F 3 families segregated for a reaction to the 
Hessian fly in a ratio of  28 homozygous  resistant : 68 het- 
erozygous resistant : 30 homozygous  susceptible, produc-  

2 ing a reasonable fit to a 1:2:1 ratio (Z =0.86). Of  126 prog- 
eny, all 96 resistant plants exhibited the polymorphic  band 
while the remaining 30 susceptible plants did not. 

For any D N A  marker to be useful in a marker-assisted 
selection program, different genetic backgrounds must not 
interfere with the detection of  the linked D N A  marker. To 



Fig. 5 Total genomic DNA from susceptible Newton (lanes 1 and 
5), Newton-H3 (lanes 2 and 6), Newton-H6 (lanes 3 and 7)and New- 
ton-H9 (lanes 4 and 8) digested with EcoRV (lanes 1-4) or EcoRI 
(lanes 5-8), blotted and hybridized with a PCR-amplified polymor- 
phic DNA fragment associated with H9 (see Fig. 1B). The large ar- 
row indicates an EcoRI-generated DNA polymorphism associated 
with H9; the small arrow indicates an EcoRV-generated DNA poly- 
morphism associated with H9. Some apparent band shifts in lanes 2, 
3, and 5 are the result of unequal sample loading per lane 

test for genetic background effects on the detection of the 
H9-associated RAPD marker, and to verify that the link- 
age between this marker and the H9 gene would be retained 
over several backcrosses, we tested four different lines con- 
taining H9, two derived from T. durum and two from T. 
aestivum. All lines containing the H9 gene (verified by test- 
ing against biotype L) contained the marker (Fig, 4). 

To use the identified RAPD markers for future high-res- 
olution mapping studies, it is important to examine the rel- 
ative copy number of  this DNA marker in the wheat ge- 
home. When the polymorphic band was extracted from the 
gel, radioactively labelled, and used as a probe on DNA 
gel-blots containing digested genomic DNA from the 
NILs, the probe hybridized to a low-copy or single-copy 
sequence in the genome. Most importantly, a DNA poly- 
morphism associated only with H9 was detected (Fig. 5). 

Discussion 

The use of NILs for locating genes of interest in wheat pro- 
vides an efficient means of identifying those polymorphic 
sites that have the highest probability of being located close 
to the gene of interest (Young et al. 1988; Martin et al. 
1991; Haley et al. 1993; Miklas et al. 1993). The combined 
RAPD-DGGE system has proven useful in detecting higher 
levels of DNA polymorphism in wheat than can be detected 
by fractionating PCR products with agarose-gel electro- 
phoresis (He et al. 1992; Dweikat et al. 1993). Based on 
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previous observations, we took advantage of this system 
for our study. An average of 12 loci (scorable RAPD bands) 
per primer were observed by DGGE compared to eight loci 
on agarose gels. The combination of two primers, in most 
cases, generates a different DNA pattern from those ob- 
tained with each single primer (Klein-Lankhorst et al. 
1991; Dweikat et al. 1993). This increases the analytical 
power of this procedure by increasing the number of am- 
plifiable products from a limited number of primers. 

Hessian fly resistance genes H3, H6, and H9 are all lo- 
cated on chromosome 5A in wheat within a linkage block 
spanning about 15 map units (Stebbins et al. 1982). The 
H5 gene is located on chromosome 1A (Roberts and Gal- 
lun 1984). The NILs for H3, H6, and H5 were included in 
the screening process because all of these lines were de- 
veloped by backcrossing to the same recurrent parent 
'Newton ' .  This common genetic background facilitates the 
detection of a polymorphism associated with any of these 
genes and, at the same time, facilitates the identification 
of those polymorphisms that are gene-specific, i.e., asso- 
ciated with H9 only and not with the linked H6 or H3 genes. 
We are continuing efforts to identify multiple markers as- 
sociated with each of these genes, Our goal is to establish 
a high-resolution map for the region of chromosome 5A 
encompassing H3, H6, and H9. Concurrently, we intend to 
verify tight linkage between identified RAPD markers and 
the genes of interest for the purposes of facilitating a 
marker-assisted selection strategy for Hessian fly resis- 
tance in wheat, The importance of the present study was 
in demonstrating the relative ease with which a particular 
gene within the wheat genome can be targeted for marker 
identification. This has not been the case in wheat to-date. 
With this study, we have demonstrated that it is feasible to 
identify tightly linked RAPD markers in wheat associated 
with genes of interest. The marker linked to H9 remained 
associated with it even after several generations of back- 
crossing into recipient lines, demonstrating the usefulness 
of this marker for the transfer of H9. This procedure will 
also clearly be appropriate to identify low-copy sequences 
necessary for high-resolution mapping in the extraordinar- 
ily large Triticum genome. 
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